Over 25 years ago it was first reported that intracellular chloride levels (Cl À in ) were higher in developing neurons than in maturity. This finding has had significant implications for understanding the excitability of developing networks and recognizing the underlying causes of hyperexcitability associated with disease and neural injury. While there is some evidence that intracellular sodium levels (Na + in ) change during the development of non-neural cells, it has largely been assumed that Na + in is the same in developing and mature neurons. Here, using the sodium indicator SBFI, we test this idea and find that Na + in is significantly higher in embryonic spinal motoneurons and interneurons than in maturity. We find that Na + in reaches~60 mM in mid-embryonic development and is then reduced to~30 mM in late embryonic development. By retrogradely labeling motoneurons with SBFI we can reliably follow Na + in levels in vitro for hours. Bursts of spiking activity, and blocking voltage-gated sodium channels did not influence observed motoneuron sodium levels. On the other hand, Na The maturation of network and cellular excitability is a complicated and dynamic process as it is determined by the constellation of channel conductances and the driving forces for those currents, both of which can change during development (Dryer et al. 2003; Watanabe and Fukuda 2015) . Early in development, networks are highly excitable as demonstrated by a synaptically driven network-wide bursting activity that exists in these nascent circuits. Shortly after synaptic connections are formed, spontaneously occurring network activity (SNA) is expressed in most developing systems as bursts or episodes of intense activity, which are limited to a particular time frame in development (O'Donovan 1999; Ben-Ari 2001; Blankenship and Feller 2010). While changes in conductance (channel expression) will contribute to the hyperexcitable nature of these developing circuits, a significant factor influencing excitability is the depolarizing and excitatory nature of GABA, which then becomes hyperpolarizing and inhibitory in the adult (Ben-Ari et al. 1989 , 2007 Kaila et al. 2014) . This reversal in the driving force for Cl À -mediated conductances was a consequence of a switch from high (excitatory) to low (inhibitory) intracellular Cl À through a progressive reduction in Cl Boulenguez et al. 2010) . Therefore, the finding has had profound implications for understanding the excitability of the network in developing and mature systems.
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The maturation of network and cellular excitability is a complicated and dynamic process as it is determined by the constellation of channel conductances and the driving forces for those currents, both of which can change during development (Dryer et al. 2003; Watanabe and Fukuda 2015) . Early in development, networks are highly excitable as demonstrated by a synaptically driven network-wide bursting activity that exists in these nascent circuits. Shortly after synaptic connections are formed, spontaneously occurring network activity (SNA) is expressed in most developing systems as bursts or episodes of intense activity, which are limited to a particular time frame in development (O'Donovan 1999; Ben-Ari 2001; Blankenship and Feller 2010) . While changes in conductance (channel expression) will contribute to the hyperexcitable nature of these developing circuits, a significant factor influencing excitability is the depolarizing and excitatory nature of GABA, which then becomes hyperpolarizing and inhibitory in the adult (Ben-Ari et al. 1989 , 2007 Kaila et al. 2014) . This reversal in the driving force for Cl À -mediated conductances was a consequence of a switch from high (excitatory) to low (inhibitory) intracellular Cl À through a progressive reduction in Cl À in because of developmental changes in Cl À transporters (Kaila et al. 2014 ). These observations took several years to gain general acceptance (Ben-Ari et al. 2012) . It is now clear that in addition to developing neurons, changes in Cl À in have been observed in the mature network following neuronal injury (Coull et al. 2003; De Koninck 2007; Blaesse et al. 2009; Boulenguez et al. 2010) . Therefore, the finding has had profound implications for understanding the excitability of the network in developing and mature systems.
We have studied the development of network excitability in the embryonic chick spinal cord, a favored developmental system because of its accessibility. In embryonic spinal motoneurons, intracellular chloride levels are high, significantly contribute to the excitatory drive underlying SNA, and mediate GABAergic synaptic plasticity O'Donovan 1998, 2001; Chub et al. 2006; Gonzalez-Islas et al. 2010) . While developmental plasticity of the Cl À gradients clearly influences the excitability of the spinal network, Cl À is not the only important component of the cell's intracellular ionic environment. Na + and K + also make important contributions to the electrical properties and excitability of the neuron. For example, Na + and K + channels largely define the action potential waveform, as well as the threshold and firing rate of the cell. While studies have reported developmental increases in the strength of Na + and K + currents, it is generally assumed that this is because of changes in conductance through alterations in channel expression (McCobb et al. 1990; Dourado and Dryer 1992; Martin-Caraballo and Greer 2000; Perrier and Hounsgaard 2000; Martin-Caraballo and Dryer 2002; Guan et al. 2011) . However, it is reasonable to suggest that there could also be changes in the concentration of intracellular Na + and K + that could influence developmental changes in these currents, as occurs for Cl À in . Studies in the developing frog oocyte and blastula suggest Na + can be regulated dynamically at this very early stage (Riemann et al. 1969; Cannon et al. 1974) . In addition, evidence suggests that intracellular Na + decreases, whereas K + increases during development of the chick ventricular muscle (Fozzard and Sheu 1980) . Consistent with a developmental decrease in intracellular Na + , action potential peak has been shown to increase during motoneuron development (Kellerth et al. 1971; McCobb et al. 1990; Martin-Caraballo and Greer 1999) . However, in developing neurons thus far it has largely been assumed that Na + in is no different in developmental and mature stages, which is reported to be 5-15 mM (Thomas 1972; Deitmer and Schlue 1983; Pinelis et al. 1994; Rose and Ransom 1997) .
Here, we have tested the hypothesis that intracellular Na + is different in mature and developing neurons. We have developed a technique to label motoneurons in a relatively intact spinal preparation of the embryonic chick with a fluorescent Na + indicator, SBFI (sodium-binding benzofuran isophthalate). With this technique, we have optically measured Na + in and have found that it is higher than that in mature neurons and appears to change during embryonic development.
Materials and methods

Dissections and labeling
From embryonic day 6-16 (E6-16) chicken embryos of either sex were removed from the egg (Hy-line Chicks, Mansfield, GA, USA) and the lumbosacral region of the spinal cord with attached spinal nerves were isolated as previously described (Gonzalez-Islas et al. 2012 (Minta and Tsien 1989) ]. After isolation of the spinal cord, motoneuron axons were cut close to the ventral root exit from the spinal cord to minimize distance and time for retrograde labeling. Tungsten needles (F.S.T.) were used to place crystals of SBFI onto the freshly cut motoneuron axons (Szokol et al. 2008) . Once the crystals had been placed onto the cord the solution was replaced with fresh Tyrode's maintained at 17°C. Spinal cords were left overnight (> 12 h, 17°C) to retrogradely label motoneuron cell bodies. Before the cords were moved to the recording chamber, the pia mater was removed from the ventral side of the cord for improved visualization and the chamber solution was brought up to 23°C.
SBFI imaging
Cords were placed ventral side down in the recording chamber of an Olympus IX70 inverted microscope and were continuously perfused with Tyrode's solution heated to 27°C. Labeled motoneurons were then imaged through the ventral white matter using a 10X objective. The neurons were imaged with 340 AE 10 nm and then 380 AE 10 nm excitation filters. To limit differential photobleaching, we used a neutral density filter so that only 50% of light at the 380 nm wavelength reached the specimen. In addition, we limited exposure time using a uniblitz shutter to limit exposure to 200 ms (Vincent Associates, Rochester, NY, USA). The emitted light passed through a dichroic mirror (400 nm) and the emission filter (490-530 nm), and was then captured onto an intensified CCD camera (Stanford Photonics, Palo Alto, CA, USA) and images were recorded using simple PCI software (Hamamatsu, Sunayama-cho, Naka-ku, Hamamatsu City, Shizuoka, Japan) as an 8 frame average. Images were then processed in Simple PCI as ratios of backgroundsubtracted intensities (cell region of interest or ROI at 340 nmbackground ROI at 340 nm)/(cell ROI at 380 -background ROI at 380 nm) for each cell in multiple cords (approximately 10 somas per cord) following previously described methodologies Ransom 1997, Bouron and Reuter 1996) . (Rose and Ransom 1997) . Ratios were then converted to Na + concentrations based on the ratio values obtained in different solutions as described in the results.
Calibrations
Electrophysiology Whole-cell current-clamp recordings were made from spinal motoneurons localized in lumbosacral segments 1-3 as described previously (Gonzalez-Islas et al. 2010) . Briefly, whole-cell recordings (electrodes, 5-10 MΩ) were obtained from motoneurons identified by their lateral position in the cord. Once whole-cell configuration was achieved, motoneurons were maintained under voltage clamp for a period of 5 min to allow stabilization before switching to current clamp configuration. Recordings were terminated whenever significant increases in resistance (≥ 20%) occurred. Cords were perfused with Tyrode's solution as described above. The intracellular patch solution for these experiments contained the following (in mM): 5 NaCl, 100 K-gluconate, 36 KCl, 10 HEPES, 1 MgCl2, 0.1 CaCl2, 1 Na2ATP, 0.1 MgGTP. Pipette solution osmolarity was between 280 and 300 mOsm, and pH was adjusted to 7.3 with KOH. Tight-fitting glass suction electrodes were used to record from the ventrolateral funiculus (VLF) as described previously (O'Donovan and Landmesser 1987; O'Donovan 1989; Xu et al. 2005) , to monitor episodes of SNA. VLF signals were amplified (1000X), filtered (0.1 Hz-1 kHz) by an extracellular amplifier (A-M Systems Inc., Sequim, WA, USA) and assessed using Axograph Software (Foster City, CA, USA).
Statistics
To avoid biasing samples from specific cords we assessed ratios from 10 cells per cord. 
Results
Na
+ indicator SBFI suggests intracellular Na + is high in E10 spinal neurons Developmental increases in action potential (AP) peaks have been measured in embryonic chick limb motoneurons and developing rat spinal motoneurons (McCobb et al. 1990; Dourado and Dryer 1992; Martin-Caraballo and Greer 1999) . Similarly, we noted that the peak of the action potential in whole-cell current clamp recordings from chick embryonic spinal motoneurons was only 17.7 AE 2.4 mV at E10 (n = 13, Fig. 1a and c), much lower than expected in mature neurons. This increased to 27.8 AE 2.7 by E14 (n = 10, Fig. 1b and c) . Because the permeability of Na + is maximized at the peak of the AP, the peak can be significantly influenced by the Na + equilibrium potential (E Na ), and therefore intracellular Na + (Hodgkin and Huxley 1952) . Thus the observation of lower AP peaks would be consistent with the possibility that intracellular Na + concentration was higher than the typical 5-15 mM Na + reported for mature neurons (Grafe et al. 1982; Deitmer and Schlue 1983; Pinelis et al. 1994; Rose and Ransom 1997; Sheldon et al. 2004) .
To more directly measure embryonic motoneuron Na + in we initially tried cell-attached patch recording of Na + channels, but the yield of Na + channels was extremely low. Ion selective electrodes have been frequently used in oocytes and cell cultures, but because the electrode must be driven through~150 lm of tissue to reach the motor column in the intact spinal cord preparation it is highly unlikely that this already difficult technique could accurately measure Na + in in our preparation. Therefore, we developed a technique to optically assess Na + in in embryonic chick spinal motoneurons using the ratiometric Na + indicator, SBFI (sodiumbinding benzofuran isophthalate). As described in the methods, after isolation of the spinal cord, motoneuron cell showing that peaks are significantly more depolarized at E14 compared to peaks at E10 (* indicates p = 0.01; unpaired t-test; E10 n = 13 cells and E14 n = 10 cells).
bodies were retrogradely labeled with SBFI. Labeled motoneurons were then imaged through the ventral white matter. Figure 2a -c shows labeled cells in the lateral half of the hemicord where the motor column is known to exist. These cells were imaged using 340 nm and 380 nm excitation filters while capturing emitted light of wavelengths above 500 nm (Fig. 2a-c) . Regions of interest were drawn around labeled cell bodies (pink circles, Fig. 2c ) and in the non-labeled part of the cord for background subtraction. Background-subtracted ratios for each cell were then determined in multiple cords at 27°C, a temperature at which SNA is expressed.
To test the stability of the ratios over time we measured the ratios for several hours. We found the ratios and backgroundsubtracted intensities after illumination at 340 and 380 nm were stable over at least 4 h at 27°C (Fig. 2d-f ). Data from four individual cells taken from a single representative cord are shown in Fig. 2d -f (only 4 shown for clarity, the average of 10 cells in that cord is shown as black circles in Fig. 2f ). The average of all four cords (10 cells per cord) over 3 h of imaging is shown in the inset of Fig. 2f . These data indicate that our imaging parameters (described in methods) did not produce differential bleaching of the 2 wavelengths over this period.
Calibration experiments were carried out to convert ratios to sodium concentrations. For these experiments drugs were added to equilibrate intracellular and extracellular Na + , K + , and pH. A background-subtracted ratio for each cell (R) was measured in calibration solutions containing known concentrations of Na + at 27°C (Rose and Ransom 1997) . The ratio for a given cell (R) in each solution was then used in a non-linear regression to estimate values of R max (the ratio when indicator was fully bound by Na + ) and ßK D (the apparent dissociation constant) for each cell (Harootunian et al. 1989) . The ratio for a cell in 0 mM Na + was used to determine R min (the ratio when indicator was completely unbound). The background-subtracted ratio measured from a cell before the calibration experiment at 23°C could then be converted to a Na + concentration using the equation
, where R, R min , R max and ßK D values were established separately for each cell (Harootunian et al. 1989) . By calibrating each cell independently of the others we were able to determine that the average E10 internal Na + concentration at 23°C was remarkably high at 43.8 AE 4.7 mM (Fig. 3a -individual , Table 1 , n = 54 cells in 5 cords). This intracellular Na + concentration is much higher than the concentration reported in mature neurons and is consistent with a low action potential AP peak at E10 (Fig. 1) .
During the calibration experiments we discovered that it was extremely difficult to wash the ionophores completely out of the recording chamber system, such that activity of spinal preparations were compromised in subsequent studies even though we had not added additional ionophores. We wanted to avoid having to use the ionophores and assess Na + in cell by cell for each of the cells. Therefore, we tested the possibility that we could obtain a reasonable estimate of Na + in by averaging calibration parameters across different cells. To do this we determined an average R value across cells in each of the solutions with different Na + concentrations (R), and determined an average R min (0.36 AE 0.02). These averaged values were then used to derive a non-linear regression (Fig. 3b) to estimate an average value of R max (1.12 AE 0.22) and ßK D (69.2 AE 5.6) (Harootunian et al. 1989) . We again determined the Na + concentration in control conditions using the equation [Na + ] = ßK D * (R À R min )/ (R max À R), but now with the calibration parameters averaged across all 60 cells (Fig. 3a -average, Table 1 ). Calculating Na + concentrations in this way suggested the value (40.1 AE 4.6 mM) was not significantly different than when calibrations were carried out cell by cell (43.8 AE 4.7 mM, p = 0.6, Fig. 3a, Table 1 ). Since the estimate of Na + concentration was similar using either calibration technique, the averaged calibration technique was used for subsequent data.
We noticed that the ratios (apparent Na + concentrations) for spinal motoneurons were lower in the calibration study before ionophores were added (Fig. 3a, 23°C ) than in the hours-long recordings of Fig. 2 that was carried out at 27°C. To determine if intracellular Na + was temperature-dependent we carried out another set of measurements at 27°C. We had previously found that the intracellular Cl À concentration at E10 was temperature-dependent, increasing with higher temperatures (Lindsly et al. 2014) . We found that Na + in was significantly higher at 27°C than at 23°C ( Fig. 4a-c ; Table 1 ). In all subsequent experiments, the preparation was warmed to 27°C before measuring ratios and estimating Na + concentrations. Cl À in levels slowly change during development (Kaila et al. 2014) , but can also change more rapidly. In chick embryo spinal motoneurons Cl À in is reduced~15 mM following an episode of SNA, and is then slowly reaccumulated in the interval between episodes (Chub and O'Donovan 2001; Chub et al. 2006) . We therefore considered the possibility that during an episode of SNA, when Na + permeability is increased, Na + in would increase. To test this (Langer and Rose 2009) , while simultaneously recording episodes of SNA. Ventrally located spinal interneurons have axons that project to the ventral lateral funiculus (VLF) and experience SNA synchronously with motoneurons (Ho and O'Donovan 1993) . An example of an episode of SNA recorded from the VLF is illustrated in Fig. 4d ; Na + in for four cells are shown before, during, and after that particular episode. The black dots and line indicate the average of 10 cells from the same cord; data averaged from 40 cells (4 cords) indicate that SNA did not significantly influence somatic Na + in (Fig. 4d In some experiments we also labeled interneurons, although this was infrequent and there were fewer labeled interneurons in each cord. The ratios observed form spinal interneurons at E10 were very similar to those for motoneurons, suggesting that spinal interneurons also exhibited high intracellular Na + levels (Table 1 ). To further confirm that our SBFI measurements were following Na + in levels we attempted to alter intracellular Na + concentrations in motoneurons, without the addition of ionophores. We bath applied a solution containing 0 mM Na + at the end of each experiment. We found that at E10 ratios approach the value measured for R min in calibration solutions ( Fig. 5; Table 1 ). In addition, the variability seen in the standard bath solution was reduced in 0 mM Na + consistent with the idea that the variability in the intracellular Na + concentration is a consequence of distinct Na + concentrations rather than an optically induced variability. We tested Na + in of E10 motoneurons following a bath application of ouabain, a Na + /K + ATPase inhibitor (100 lM) which should collapse the Na + gradient. Therefore, Na + in should eventually approach the bath concentration of 156 mM. Figure 5 and Table 1 shows that the ratios and SBFI measurements of Na + in at E10 did increase after ouabain application and approach the bath concentration. Developmental time course of changes in intracellular Na + during embryonic development Cl À in levels are high early in development, but then are progressively reduced during maturation. We therefore set out to measure Na + in at various points throughout embryonic development. We started measurements at E6, the developmental stage where synaptic connections have begun to form and SNA can easily be observed. We then measured at 2 day intervals until E16, when Cl À -mediated conductances are no longer excitatory. We found that during embryonic development, Na + in increased to~60 mM at E10, but then was progressively reduced to~30 mM by E16 (Fig. 5a , Table 1 ). We did not calibrate at stages other than E10, but bath applied a solution containing 0 mM Na + at the end of each experiment. In this solution, the ratio in motoneurons approached the value measured for R min in calibration solutions across the developmental period assessed (E6 to E16). This result suggested that R min ratios in calibration experiments would be similar at different stages of development (Fig. 5) . As with the E10 ratios in 0 mM Na + , the variability seen in the standard bath solution at each developmental stage is reduced in 0 mM Na + solutions. Finally, at each developmental stage we bath applied ouabain to collapse the Na + gradient. Figure 5 and Table 1 demonstrates that the ratios and SBFI measurements of Na + in at each developmental stage increased after ouabain application. From E6-12 Na + in approaches the bath Na + concentration. At E14 and E16 the increase in Na + in was not as large as at earlier stages, however, we still observed a significant increase from baseline (Fig. 5, Table 1 ). It is possible that since the thickness of the tissue increases as development progresses, it may take longer than the given 60 min incubation for ouabain to effectively penetrate the tissue.
Consistent with this idea, ouabain-induced increases in Na
+ in were observed in less than 30 min at E6 and E8, but at E10 and E12 there was a progressive increase in the time needed to reach~150 mM Na + in values. The results suggest that our SBFI measurements follow Na + in levels reasonably well, and that Na + in is higher during embryonic development. Ouabain effectively blocked Na + extrusion and therefore could virtually collapse the gradient. We considered whether certain Na + entry pathways may contribute to resting Na + levels. We blocked the Na
with bumetanide and found that blocking this Na + entry pathway did reduce Na + in at E10, but not at E14 (Fig. 6) . The loss of the Na + entry pathway at E14 was consistent with the observation that Na + in did not reach bath levels following ouabain at E14 and E16 (Fig. 5) . We also tested whether voltage-gated Na + channels contributed to resting Na + in by blocking such channels with TTX, but this did nothing to Na + in at E10 or E14 (Fig. 6 ).
Discussion
The data presented here are the first to directly show that Na + in is elevated in early neural development. However, this finding is consistent with several other prior observations. It has been demonstrated in chick, rat, and cat spinal motoneurons that the amplitude or peak of the action potential is increased as development progresses (Kellerth et al. 1971; McCobb et al. 1990; Martin-Caraballo and Greer 1999) . Developmental increases in AP amplitude have also been demonstrated in other parts of the nervous system (McCormick and Prince 1987; Spigelman et al. 1992; Ehrlich and Rainnie 2015) . The strengthening of the Na + gradient during maturation could , and following ouabain bath application (blue dots). In control conditions E6 n = 60 cells/6 cords, at E8 n = 60 cells/7 cords, at E10 n = 96 cells/11 cords, at E12 n = 65 cells/7 cords, at E14 n = 68 cells/7 cords, and at E16 n = 81 cells/9 cords. In the presence of 0 mM Na + solution all cells approach the ratio of 0.35 which corresponds to 0 mM intracellular Na + . At E6 n = 57 cells/6 cords, E8 n = 49 cells/5 cords, E10 n = 80 cells/8 cords, E12 n = 73 cells/8 cords, E14 n = 68 cells/7 cords, and at E16 n = 62 cells/7 cords: *p < 0.001 compared to average in normal Na + solution. In ouabain, E6 n = 40 cells/4 cords, E8 n = 38 cells/4 cords, E10 n = 59 cells/6 cords, E12 n = 40 cells/4 cords, E14 n = 58 cells/6 cords, and at E16 n = 50 cells/5 cords. One way ANOVA with post hoc Bonferroni test for multiple comparisons: *p < 0.001 compared to average in normal Na + solution.
contribute to the progressive increase in AP peak during this period. By altering the AP waveform, elevated Na + in would also impact calcium entry during spiking. In addition, strengthening of the Na + gradient could contribute to the developmental increase in the amplitude of Na + -mediated currents reported in multiple systems and species (Krieger and Sears 1988; McCobb et al. 1990; Dourado and Dryer 1992; . Since several secondarily active transporters are driven by the gradients of the ions that they transport, developmental changes in Na + will impact the driving force for Na + -dependent transporters (Na + -Ca 2+ exchanger, the Na + -H + antiporter, Na + -dependent glutamate transporters, etc.). NKCC1, the Na
À transporter, is partially responsible for chloride accumulation in embryonic neurons (Blaesse et al. 2009; Gonzalez-Islas et al. 2009 ). High levels of Na + in early in development will reduce the Na + gradient and weaken the driving force for NKCC1 and other Na + -dependent transporters. Calculations for the direction and strength of the driving force for secondarily active transporters currently assume that the Na + and K + gradients are the same in developing and mature neurons, but in light of our findings this should be reconsidered. The N + -K + -ATPase (Na + pump) is critical to determining neuronal Na + in through its ability to extrude Na + from the cell, and we find that blockade of the pump can collapse the Na + gradient (Fig. 5) . Therefore, the N + -K + -ATPase represents an important candidate for driving the developmental change in Na + in . In mature neurons, the Na + pump uses over half of the cell's energy stores (Howarth et al. 2012) . It is possible that early in development, energy demands are different than for the mature neuron, and as a result less energy may be dedicated to maintaining strong Na + /K + gradients. The N + -K + -ATPase which is expressed in early development may be composed of subunit isoforms that have a different Na + in set-point than in the mature ATPase. It is clear that isoforms of both the alpha and beta subunits of the Na + pump are expressed in a developmentally regulated manner (Sweadner 1989; Herrera et al. 1994; Blanco and Mercer 1998; Chang and Spitzer 2009) . However, higher Na + in during embryonic development could result from a greater Na + entry through channels and/or transporters. In fact, we have found that NKCC1 increases Na + in at E10, but no longer contributes by E14. The down-regulation of NKCC1 function during maturation has been described in several systems (Kaila et al. 2014 ), and appears to contribute to the developmental reduction of Na + in for embryonic motoneurons (Fig. 6) . On the other hand, voltage-gated Na + channels did not appear to contribute to Na + entry at rest in either E10 or E14 motoneurons (Fig. 6) .
If the Na + pump is less active earlier in development, then because it also imports K + we would expect that there could be a decrease in K + in (weaker K + gradient) at earlier stages of development. While we have not directly assessed K + in , different findings are consistent with the possibility that the K + gradient also strengthens during maturation. A developmentally weakened K + gradient should be associated with a more depolarized resting membrane potential. Several previous reports suggest a resting membrane potential of approximately À50 mV for E10 motoneurons (Chub and O'Donovan 2001; Gonzalez-Islas and Wenner 2006; Wilhelm et al. 2009 ). Further, previous work suggests there is a developmental hyperpolarization of the resting potential in rat and cat motoneurons during early development (Kellerth et al. 1971; Xie and Ziskind-Conhaim 1995; MartinCaraballo and Greer 1999) , and several other studies suggest a similar developmental shift in other parts of the nervous system (Spigelman et al. 1992; Masetto et al. 2000; Ehrlich and Rainnie 2015) . Also consistent with a developmental strengthening of the K + gradient is the observation that voltage-gated K + channel current amplitude is increased during maturation in chick embryo spinal motoneurons (McCobb et al. 1990; Martin-Caraballo and Dryer 2002) , in rat motoneurons Martin-Caraballo and Greer 2000) , and in many other neuronal classes (Dourado and Dryer 1992; Raucher and Dryer 1994) . A weakened K + gradient would also contribute to a hyperexcitable nascent network that is capable of producing SNA. While these changes in K + and Na + currents, APs, and resting membrane potentials only represent correlations, they nicely correspond to what would be predicted if both the Na + and K + gradients strengthened during development.
The accumulation of Na + has been described as a mechanism that produces the pathology seen in a number of injury models including anoxia, ischemia, spinal cord injury, and neuro-inflammatory diseases such as multiple sclerosis and neuropathic pain (Wegelin and Manzoli 1967; Fig. 6 Na + entry pathways at E10 and E14. SBFI measurements show that blocking NKCC1 with 10 lM bumetanide increased Na + in in E10, but not E14 motoneurons. SBFI motoneuron measurements show that blockade of voltage-gated Na + channels with 1 lM TTX, in the presence of bumetanide, had no effect on Na + in at E10 or E14. At E10 n = 40 cells/4 cords, E14 n = 40 cells/4 cords. One way ANOVA with post hoc Bonferroni test for multiple comparisons: *p < 0.001 compared to average in normal Tyrode's solution and ns = no significant difference. Friedman and Haddad 1994; LoPachin and Stys 1995; Stys and Lopachin 1996; Chidekel et al. 1997; Bechtold and Smith 2005; Stys 2005; Waxman 2006; Smith 2007) . In multiple sclerosis, it is thought that Na + is accumulated to the point that the Na + /K + pump is overwhelmed and the function of the Na + /Ca 2+ exchanger is reversed, thereby accumulating enough Ca 2+ to initiate pathways for axonal degeneration and cell death (Waxman 2006) . Similarly, elevated Cl À in , as observed in early development, has been reported following neural injury/disease where the cell becomes hyperexcitable (Rivera et al. 2004; Rivera et al. 2005; Ben-Ari et al. 2007) . Thus, in models of neuronal injury and disease, the intracellular concentration of Na + in may resemble that seen at early stages of development. Understanding the mechanisms and triggers that produce increases in Na + in without causing cell death in development, could have significant implications for treatment of neuronal injury or disease.
